The bone marrow (BM) undergoes extensive remodeling following irradiation damage. A crucial part of restoring homeostasis following irradiation is the ability of hematopoietic stem cells (HSCs) to home to and engraft specialized niches within the BM through a remodeling BM vascular system. Here we show that a combination of ultra-high-field strength magnetic resonance imaging (17.6 T, MRI) coupled with fluorescent microscopy (FLM) serves as a powerful tool for the in vivo imaging of cell homing within the BM. Ultra-high-field MRI can achieve high-resolution three-dimensional (3D) images (28 Â 28 Â 60 lm 3 ) of the BM in live mice, sufficient to resolve anatomical changes in BM microstructures attributed to radiation damage. Following intra-arterial infusion with dsRedexpressing BM cells, labeled with superparamagnetic iron oxides, both FLM and MRI could be used to follow initial homing and engraftment of donor HSC to a limited number of preferred sites within a few cell diameters of the calcified boneFthe endosteal niche. Subsequent histology confirmed the fidelity and accuracy of MRI to create non-invasive, highresolution 3D images of donor cell engraftment of the BM in living animals at the level of single-cell detection.
Introduction
Bone marrow (BM) transplantation is a commonly used therapy for various hematological disorders. Hematopoietic stem cells (HSCs), a small subset of BM cells, home to distinct spatial locations within the BM to re-establish hematopoiesis following radio ablation. Since the discovery of the HSC, 1 much has been learned about its phenotype and biological function. However, there is still an ongoing debate regarding where HSCs reside within the BM and what are the underlying molecular cues that determine their fate. 2 In the late 1970s, the concept of a specialized microenvironment or 'niche' responsible for governing and directing HSC fates was introduced. 3 Since then various such niches have been proposed and summarized. [4] [5] [6] [7] The first, and most studied, niche to gain attention was the endosteal or osteoblastic niche, where HSCs are thought to reside in close proximity of cells that line the inside of bone within marrow cavities. 2, 7 A second niche, the vascular niche, has also garnered much attention lately. 8 Here stem and progenitor cells have been identified to reside close to sinusoidal endothelium inside the marrow space where they would be ideally suited to monitor molecular signals carried through the blood to mount rapid responses in case of trauma. 8 This perivascular niche has been proposed to contain more committed stem cells than the mostly quiescent stem cells in the endosteal niche.
2,9 BM remodeling and subsequent restoration of homeostasis following irradiation relies heavily on the ability of transplanted cells to home to and engraft these niches. 10 Homing and subsequent re-establishment of hematopoiesis are complex processes that involves several distinct interactions between HSCs and other cell types, including the highly specialized BM vasculature. 10 Therefore, the function of vascular structures within the BM is of great importance. To pinpoint and understand this highly dynamic and constantly changing environment, researchers have primarily relied on histological sections of fixed tissues. However, this means that 'snapshots' of very complex events are taken from different animals and suffer from the inherent variability between individuals. Simple variations in the lag phase and location of initial BM homing and engraftment undoubtedly leads to large individual variance. To date, very little research has focused on studying these events in their normal physiological in vivo milieu. Commonly used methods for in vivo, real-time imaging include the use of fluorescent microscopy (FLM) and bioluminescence imaging (BLI) techniques. FLM is the most commonly used approach of imaging cells owing to its high-resolution capability, short acquisition times and great variety of fluorescent dyes available for distinguishing different cell types. Many recent discoveries regarding stem cell niches have used FLM as a primary readout modality. 11, 12 In vivo imaging of stem cell homing to BM has indicated that both the endosteal and vascular niches often exist in close contact with each other within the marrow space. 11 These experiments were performed in the mouse calvarium, in which the shallow depth of the marrow cavity allows for direct optical visualization of stem cell homing. However, because of the narrow space in this location, it may be difficult to separate these two possible niches. For imaging deeper tissues, FLM is limited by light scattering and absorption, and is therefore ideally suited to acquire images at shallow depths.
BLI is commonly used to image transplanted cells at the level of the whole animal and has been used to track HSC engraftment in mice. 13 BLI exhibit good specificity with comparatively little background owing to the fact that detected light is produced at the site of the transplanted cells and that no excitation source is necessary.
14 However, owing to scattering and absorbance of photons in vivo, BLI still possess limitations in providing high spatial resolution images of exact locations of transplanted cells and is therefore only suited for providing general organ-specific locations.
Magnetic resonance imaging (MRI), on the other hand, has the potential to be of great use for in vivo cell tracking studies. It currently serves as a powerful tool for in vivo imaging that has long been known for providing excellent anatomical details and its non-invasive nature. The traditional weakness of MRI has always been a lack of sensitivity, especially when acquiring high-resolution images. However, the utilization of stronger external magnetic fields has the ability to increase the signal-tonoise ratio and MR sensitivity. 15 This, in turn, can be traded for shorter acquisition scan times and enhanced resolution.
The ability to generate cell-specific MR contrast is usually obtained by labeling cells in vitro with contrast agents before transplantation. Iron-based contrast agents for cell labeling and subsequent cell tracking experiments have been studied extensively. 16, 17 To date, this is one of the most common methods to create cellular MR contrast due to the extremely strong magnetic susceptibility effects of superparamagnetic iron oxides (SPIOs). SPIOs create large areas of signal void or 'halo', often many times larger than the labeled cells themselves, which in turn allows for easier detection of even single cells. 16, 18 To our knowledge, in vivo BM MR characteristics and BM cell homing following irradiation at ultra-high magnetic fields (17.6 T) have not been described to date. To achieve optimal detection of transplanted cells, determining kinetics and MR characteristics of BM remodeling following lethal irradiation is paramount. Our aim was to show the ability of ultra-high-field strength MRI to non-invasively obtain detailed two-dimensional and 3D images of small numbers of transplanted BM cells to specific niches within the remodeling BM microenvironment. Furthermore, we show that increased MR sensitivity at higher magnetic field strengths enables the detection of singlecluster or small clusters of iron-labeled cells in real time, which was confirmed using in vivo FLM and subsequent histology. This combined approach is capable of following donor cell interactions and fates following BM transplant longitudinally over time.
Materials and methods

Irradiation-induced injury
The use of young mice (6-8 weeks) was proven to be an important requirement owing to the fact that loss of marrow signal intensity (SI) on T 2 -weighted MRI has been reported to occur with age ( Figure 1) . 19 Two cohorts of 6-week-old C57BL6J (BL6) female mice (Charles River Laboratories, Wilmington, MA, USA) were given 950 rads of whole-body g-irradiation. The first cohort of animals was subsequently transplanted with approximately 2 Â 10 6 BL6 whole BM cells by retro-orbital sinus injection one day following irradiation (n ¼ 15). This cohort was used for investigating irradiation-induced morphological BM changes as well as changes in MR characteristics over 2 weeks following irradiation. The second cohort was used for subsequent in vivo imaging of BM cell homing (n ¼ 10). Antibiotics (Enrofloxacin) were added to the drinking water during the first 2 weeks of engraftment to prevent infection. All experimental procedures performed on animals were in accordance with the University of Florida's Institutional Review Board and Animal Care and Use Committee.
BM cell labeling
BM cells for homing studies were harvested from homozygous male dsRed transgenic animals (Tg(CAG-DsRed*MST)1Nagy/J; Jackson Laboratory, Bar Harbor, ME, USA). Either whole bone marrow (WBM) or highly enriched HSC (Sca-1 þ , c-kit þ , LinÀ or SKL) were incubated with a mixture of Feridex (Berlex Laboratories, Montville, NJ, USA) and protamine sulfate (Sigma, St Louis, MO, USA), a method previously described to yield approximately 2 pg iron per cell when used to label BM-derived cells. 20 Following overnight labeling, cells were purified using 10 U/ml heparin (Sigma) to remove excess Feridex that had not been taken up by the cells. 21 The cells were then washed, counted and re-suspended in phosphate-buffered saline before injection. Cytospins of labeled BM cells were stained with Prussian blue, Accustain iron stain (Sigma Diagnostics Inc., St Louis, MO, USA) for 3 min to visualize cellular iron uptake. Cell labeling efficiency was estimated by manual counting of Prussian blue-positive cells. Only populations of 470% Prussian blue positivity were used for further analysis.
HSC were enriched from adult BM as follows: marrow was flushed from long bones, made into a single-cell suspension and plated onto treated plastic dishes in Iscove's modified Dulbecco's medium þ 20% fetal bovine serum for 4 h. Non-adherent cells were collected and three rounds of Sca-1 þ cell selection were performed with the Milteyni MACS (Auburn, CA, USA) system until 495% Sca-1 þ was confirmed by fluorescenceactivated cell sorting. Positive selection for Sca-1 and c-kit þ lineage antibody depletion (B220, CD3, CD4, CD8, CD11b, Gr-1 and TER 119) was subsequently performed on a fluorescence-activated cell sorting Aria as detailed previously for single-cell BM transplant experiments. 22 The resulting SKL population was confirmed to be 498% pure via fluorescenceactivated cell sorting before Feridex labeling and use.
Tibia window installment
At 24 h post-irradiation, animals from the second cohort were sedated by intraperitoneal injections of Avertin (600 mg/kg; Aldrich, St Louis, MO, USA). Tibia windows were installed by first carefully exposing and subsequent thinning of the bone in the diaphysis region of the tibia. Great care was observed to not injure the marrow itself while thinning the bone. A custom-fitted coverslip was then mounted in place using Vectashield (Vector Laboratories Inc., Burlingame, CA, USA) over the exposed BM and attached using superglue. This procedure provided a 'window' for optical microscopy of BM cell homing that could be correlated with MRI.
Feridex-labeled BM cell transplantation
For studying BM cell homing, young mice were again of great importance owing to the observed loss of BM SI on T 2 -weighted MRI scans with age, which has been described as an effect of red-to-yellow marrow conversion. 19 Therefore, 6-week-old BL6 female mice (n ¼ 20) were used for optimal initial MR SI properties. At 24 h after irradiation and directly following the installation of the tibia window, Feridex-labeled dsRed WBM (10 6 ) or SKL (10 3 ) cells were transplanted via the left femoral artery (FA) to prevent nonspecific cell trapping by the liver. FA injection was performed by placing a ligature around the FA proximally to the injection site, making a small incision distally to the ligature and injecting approximately 10 ml of the cell suspension. This was followed by, incision cauterization, ligature removal, suturing the skin and covering it with antibiotic ointment. Following FA injection, a booster dose of 2 Â 10 6 unlabeled BM cells were delivered via retro-orbital sinus injection to ensure that a sufficient irradiation rescue dose of BM cells was given.
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In vivo FLM of dsRed/Gfp BM cell homing
In vivo fluorescent imaging was performed directly after cell delivery, while the animals were still sedated. Images and videos were acquired through a Texas Red or GFP filter at Â 10 magnification using Leica DM5500B microscope (Leica, Wetzlar, Germany), a Hamamatsu 3CCD full-color camera and Volocity 4.2.1 software (Improvision, Waltham, MA, USA).
MRI of BM following irradiation and transplantation
MRI was performed at 17.6 T (750 MHz) magnetic field strength following transplantation (Bruker BioSpin, Madison, WI, USA) using Paravision 4.0 software (Bruker, Madison, WI, USA). Animals were anesthetized during the imaging process by breathing a mixture of isofluorane and oxygen. Respiration and body temperature was monitored during the imaging process (SA Instruments , Stonybrook, NY, USA). A custom-built single tuned 8 Â 11 mm 2 surface coil (Doty Scientific, Columbia, SC, USA) was placed over the knee and tibia, allowing imaging of the BM space. 3D) gradient echo scan sequences were obtained with imaging parameters of: repetition time (TR) ¼ 80 ms, echo time (TE) ¼ 2.5 ms, field of view (FOV) ¼ 1.1 Â 0.6 Â 0.5 cm 3 , matrix size ¼ 393 Â 214 Â 83, spectral width ¼ 75 kHz and four signal averages, resulting in an acquired resolution of 28 Â 28 Â 60 mm 3 , which was later zero-filled to 21.5 Â 23.5 Â 39 mm 3 for image presentation.
For ex vivo imaging of excised legs, a 10 mm birdcage coil and 3D gradient echo scan sequence was used with imaging parameters: TR ¼ 70 ms, TE ¼ 3 ms, FOV ¼ 1.7 Â 0.9 Â 0.6 cm 3 , matrix size ¼ 566 Â 300 Â 200, spectral width ¼ 75 kHz and eight signal averages. These imaging parameters resulted in a resolution of 30 Â 30 Â 30 mm 3 , which was zero-filled to 17 Â 17.5 Â 23.5 mm 3 for image presentation. BM SI was measured by normalizing the SI of BM to the SI of an adjacent portion of the tibialis anterior muscle using equally spaced region of interests placed at the same distance from the coil isocenter for each time point. MR images and 3D renderings were processed using the OsiriX v.3.5 software (http://www.osirix-viewer.com).
Histological analysis to detect donor cells
Freshly harvested bones were fixed overnight in 4% paraformaldehyde, decalcified overnight in 5% formic acid and embedded in paraffin. Hematoxylin and eosin staining was used to determine BM cellularity. For the animals receiving Feridex-labeled dsRed þ or Gfp þ BM cells, antibody retrieval was performed on 5 mm tissue sections using DACO heat retrieval and stained with a primary dsRed or Gfp antibody (1:200 dilution; Pharmingen, San Diego, CA, USA). This was followed by a peroxidase secondary antibody with 3, 3 0 -diaminobenzidine development and Prussian blue stain for iron detection. Prussian blue iron development was only allowed for 2 min, instead of the manufacturer's recommended 10 min, to limit the development of endogenous iron. Tissues were analyzed using a Leica DM 5500B immunofluorescence microscope (Leica, Wetzlar, Germany) with a Hamamatsu 3CCD camera and Volocity 4.2.1 software (Improvision, Waltham, MA, USA). Objectives used were Â 10/0.40 and Â 63/1.20 (water-corrected objective).
Results
Changes in BM SI and morphology following irradiation damage can be visualized in vivo using ultra-high-field MRI To establish BM MR characteristics at ultra-high magnetic field strength, young animals were lethally irradiated and transplanted with normal non-labeled BM cells. These animals were imaged throughout the first 2 weeks of engraftment to determine the optimal time frame for tracking SPIO-labeled BM cells. This was necessary because BM SI has previously been reported to change drastically following lethal irradiation, with a marked drop in SI occurring from day 3 following irradiation, owing to hemorrhage-associated shortening of T 2 . 23 Owing to the strong negative contrast generation associated with SPIOs, we determined the 'optimal' imaging window to ensure that labeled cells could be accurately distinguished from nonspecific, irradiation-induced T 2 shortening. In addition, we investigated if the enhanced sensitivity and resolution capability of ultra-high-field MRI would translate into successful visualization of irradiationinduced changes in BM anatomical structures.
Following lethal irradiation and BM transplantation, host BM SI was observed to decrease steadily during the 2 weeks the animals were followed, resulting in an approximate 40% loss in BM SI relative to adjacent muscle SI during the first week and more than 60% by week 2 (Figures 1a (top) and b) . This drop in SI coincided with a prevalent decrease in BM cellularity observed on histology (Figures 1a, bottom) , especially towards the central portions of the diaphysis, observed towards later time points (41 week post-irradiation). Decreasing BM cellularity coupled with increased iron deposition are likely reasons for the observed drop in SI on 3D renderings of the BM space ( Figures  1c and d) . A previous report has indicated that a loss in BM cellularity leads to the swelling of BM sinusoids through a lack of structural support. 24 This effect likely enabled the visualization of 'swollen' sinusoidal vasculature by MRI at 7 days postirradiation (Figure 1c) . Eventually, between weeks 1 and 2, the signal originating from BM cells and smaller vascular structures was markedly decreased, leaving mostly signal originating from centrally located vascular structures that by this time appeared to become enlarged (Figures 1c and d, Supplementary Videos  1 and 2) . Rupturing of BM sinusoids as a result of irradiation has previously been described to occur. 24 This could be a likely explanation for the disappearance of previously observed sinusoidal vasculature on MRI scans by day 14 following irradiation ( Figure 1d ). On the basis of these observations, we found that 6-to 8-week-old mice were ideal MRI candidates for SPIO-labeled BM transplantation, owing to the fact that their BM exhibited high SI on T 2 /T 2 *-weighted scans and that good tissue contrast could be achieved up to 5 days following irradiation and transplantation. In addition, increased amounts of nonspecific iron within the BM, as a result of hemorrhage from ruptured BM sinusoids, could potentially lead to the detection of false contrast on susceptibility-based MR scan sequences. However, no such iron accumulation was observed before 1 week following irradiation (data not shown) and therefore should not contribute significantly to observed MR contrast from SPIO-labeled BM cells during early time points.
Imaging BMC homing and engraftment to spatially resolved sites within the BM Next, we tested a multi-modal approach, using both fluorescence and MRI, to visualize the initial homing of transplanted BM cells (Figure 2a) in the mouse tibia. We utilized two Feridexlabeled cell populations isolated from dsRed animalsFWBM and highly enriched HSC (SKL cells). Following administration of lethal radiation to 6-week-old mice, a 'bone window' was installed on top of a thinned portion of the host tibiae to allow dual-modality tracking of the cells. Before cell infusion, donor cell expression of dsRed fluorescent protein was confirmed by direct visualization (Figure 2b) , and iron-labeling efficiency was confirmed by Prussian blue staining to be at least 70% of the test cells (Figure 2c ). In addition, to ensure delivery of a small amount of labeled cells to the BM through the resident BM vasculature, and to avoid nonspecific trapping by the liver, the 'dual-tagged' cells were delivered by FA injection. Within minutes following infusion, significant numbers of dsRed fluorescent WBM cells could be seen in the circulation. Fluorescent donor cells were observed to exit the circulation and enter the marrow space and form clusters throughout the area of the tibia visible through the window. Arriving cells seemed to preferentially join groups of previously lodged cells (Figure 2d,  Supplementary Video 3) . These clusters formed at locations close to the bone surface underneath the tibia window, possibly comprising engraftment 'niches' (Figure 2d ). Direct fluorescent imaging through the window is a powerful technique to assess initial homing within the BM. However, the glass window usually becomes obscured within 24 h owing to the healing/ inflammation process. Donor cell detection is also limited to within at best 200 mm of the window owing to the penetration limits of visible light. The aim of this study was to establish that ultra-high-field strength MRI can accurately and non-invasively track donor cells throughout the entire BM space.
Ultra-high-field MRI of BM cell engraftment in vivo
After confirming the initial homing and engraftment of fluorescent BM cells near the bone/window surface within the BM, we imaged the same area using ultra-high-field MRI. We wanted to confirm that MRI could spatially resolve these cell clusters, as well as additional clusters located deeper within the BM cavity. Furthermore, we sought to address two basic questions concerning HSC engraftment, what type of progenitor is capable of engraftment and whereFendosteal or vascular nicheFdo donor cells preferentially engraft? The basic experimental design was to administer theoretically equivalent numbers of HSC as either Feridex-labeled WBM or Feridexlabeled SKL-enriched HSC. Using short echo time, highresolution 3D MRI, acquired for 48 h or longer post-transplant, we were able to detect multiple clusters of Feridex-labeled donor cells as small regions of signal void located throughout the tibia. These areas of signal void, corresponding to the previously observed fluorescent cell clusters, measured approximately 80-110 mm in diameter. Labeled cells could be observed in vivo (Figures 3a, b and d) , residing both close to (microscopy range) and more distally located (too deep for microscopy) from the tibia window. Ex vivo MRI of the same tibias showed even high resolving ability (Figure 3c) .
The acquisition of 3D MRI datasets provided the ability for 3D analysis to confirm the presence of single cluster or small clusters of labeled cells as negative contrasting spheres (Figure 4 
Histological confirmation of small donor-derived cell clusters at sites indicated by in vivo imaging
To confirm the locations of the homed BM cells as indicated by multi-modal in vivo imaging, the transplanted mice were killed and analyzed by standard histological methods. Post-imaging histology of the imaged tibiae BM identified cells with enhanced iron content, at the very sites indicated by in vivo imaging that were responsible for the hypointense SI areas observed by MRI (Figure 5a ). Antibody staining for dsRed protein coupled with Prussian blue iron stain proved that small clusters of ironcontaining cells were indeed of donor origin (Figure 5b) , thus validating the in vivo imaging observations. Staining of serial Figure 4 Orthogonal validation of Feridex-positive spheres. The thinned tibia bone and window were visible both in vivo (a) and ex vivo (b) on orthogonal MR slices. Negatively contrasting spheres (arrows), indicative of iron-loaded cells could be distinguished in all three orthogonal directions.
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sections for osteopontin and GFP typically revealed small tight colonies of Gfp þ donor cells adjacent to OP þ osteoblasts at the surface of the bone (Figure 5c ). The location of the colonies was predicted by the MRI results for each tibia. Many of the positive MRI signals corresponded to individual labeled cells in the serial sections, showing MR sensitivity at the single-cell level. Serial sectioning of the entire tibiae showed that MRI did not miss large numbers of dual-labeled engraftment clusters, further confirming the fidelity of the MRI within the first 72 h of transplant. No significant differences were noted in the gross histological analysis of donor-derived hematopoiesis between the WBM and SKL recipient animals.
Discussion and conclusion
The process of cell homing and engraftment of the BM has been described in great detail using histology as a primary readout. The very nature of histological analysis results in a single snapshot of the process per animal, thus longitudinal time studies of an individual engraftment event are not possible using this technique. In vivo imaging in a non-invasive manner for studying these events as they occur in real time would be ideal. A number of reports have described the events of BM homing and engraftment from rather different perspectives. HSCs expressing bioluminescent reporter genes have elegantly been used to show the progress of longitudinal engraftment by tomographic imaging on the scale of the whole animal. 13, 14 This approach revealed the highly dynamic and changing process of HSC engraftment over the course of weeks following transplantation. 13 The strength in using bioluminescence lies in the fact that the engraftment process can be studied non-invasively over extended periods of time. However, it does not provide the opportunity to visualize 3D structures or individual cells within HSC niches. To address homing at the single-cell level, methods relying on surgical procedures to allow for the direct visualization of elusive HSC nichesFprimarily in the calvarium of the skullFhave been employed. 11, [25] [26] [27] This technique provides the ability to spatially resolve and study the initial cell-to-cell interactions between HSCs and supporting niche cells in real time using FLM. 11 It is limited in the amount of time the engraftment process can be studied, owing to inflammation, healing, and so on. Micro-computed tomography can obtain high-resolution images of the BM. 28 However, micro-computed tomography is most commonly used to image the bone itself and comes with concerns regarding radio toxicity. Additional irradiation exposure of previously irradiated animals may itself alter the homing/engraftment process. Here we present the use of ultra-high-field MRI as a tool for the non-invasive tracking of BM cells as they home to the remodeling BM of the long bones following radio ablation. The ability of ultra-high-field MRI to acquire 3D images non-invasively within the BM space, while still providing an opportunity to detect single cluster or small clusters of a few cells makes it a potentially powerful tool to study homing and engraftment of the marrow over time.
In vivo MRI of the BM presents unique challenges in detecting small amounts of transplanted cells. To date, the only reported contrast agents sensitive enough to enable single-cell detection in vivo are iron-based contrast agents such as Feridex that generate a strong negative contrast-generating effect associated with SPIOs. 18 MRI and SPIOs have previously been used to study BM cell homing in real time. In these cases, the use of lower field strength MRI significantly limited the spatial resolution of the transplanted cells, and in effect determined BM cell homing by the loss of signal of entire target organs. 17, 29, 30 In addition, one of these experiments circumvented the process of homing by injecting the labeled cells directly into the marrow cavity. 29 The collective results of these studies showed the potential for MRI to study BM engraftment, but highlighted the need to significantly increase sensitivity and resolution to utilize negative contrast agents such as Feridex. Methods of generating positive contrast from the susceptibilitybased effects generated by SPIOs exist, 31 but are problematic because of the strong susceptibility generated by the bone itself. Transverse relaxation rates are extremely short in normal adult, or irradiated mouse BM, 23 resulting in an increased difficulty in accurately distinguishing dark, SPIO-labeled cells against a normally dark background. Other tissues exhibiting longer transverse relaxation rates 18 would be ideally suited for singlecell tracking experiments using iron-based contrast agents. One way of dealing with this dilemma for the marrow would be by using positive contrast-generating agents for cell labeling. Promising methods for achieving positive contrast at higher magnetic field strengths have been reported. However, these agents have yet to be optimized to produce the sensitivity necessary for single-cell tracking. 32 The main advantage of using ultra-high-field strength MRI for in vivo imaging applications is an increase in sensitivity, which can be traded for higher resolution and shorter scan times. One drawback of using higher field strengths is that transverse relaxation times are reduced, causing a loss of tissue signal, and therefore demands the use of shorter echo times. The benefits of using ultra-high-field MRI, that is, enhanced resolution and shorter scan times, far outweigh this drawback.
To best utilize ultra-high-field strength MRI to follow stem cell homing, we first had to establish BM MR characteristics at ultrahigh magnetic field strength. Previous studies showed that BM SI changed drastically following lethal irradiation, with a marked SI drop occurring from day 3 following irradiation, due to hemorrhage-associated shortening of T 2. 23 We irradiated young animals, transplanted them with BM/HSC and MR-imaged them throughout the first 2 weeks of engraftment. We determined that 6-to 8-week-old mice were ideal candidates owing to the fact that their BM still exhibited relatively high SI and that it was maintained at a reasonable level for up to 5 days following irradiation and transplantation.
The injury conferred to the highly specialized BM vascular system by ionizing radiation has profound consequences to successful HSC homing, engraftment and re-establishment of hematopoiesis. BM vascular remodeling following irradiation is an event that has mainly been studied through histological analysis. The use of non-invasive imaging techniques to elucidate this complex and highly dynamic event could prove advantageous. Previous studies aimed towards describing gross changes in the blood-BM barrier following irradiation have used MRI as a tool. 33 Administration of a blood-pool MR contrast agent allowed disruption of the BM vasculature to be visualized by a greater change in SI of the entire BM as a whole between irradiated animals versus non-irradiated. 33 Although this study was able to describe physiological changes on the macro-imaging level within the BM, it did not provide adequate resolution to visualize BM vasculature. By employing ultra-high-field MRI, we were able to obtain 3D images of the remodeling vasculature following radio ablation non-invasively over time. To our knowledge, similar results have previously only been obtained by ex vivo analysis using vascular casting and scanning electron microscopy. 24 Using 'dual-tagged cells', created by Feridex labeling of BM/ SKL cells from dsRed-expressing transgenic mice, we were able to visualize homing of transplanted cells in vivo by both FLM and MRI (Figure 2 ). Once delivered, 'tagged' BM cells could be observed from the first moment of arrival within the BM by FLM, and subsequently by MRI for 48-72 h post-infusion. By administering the cells via the FA, we avoided significant donor cell loss due to nonspecific filtering by the liver. This enabled us to follow relatively small populations of cells (as few as 10 3 SKL cells) for homing to and engraftment of the tibia (Figure 3) . Subsequent histological staining of serial tibia BM sections for donor cell engraftment showed the accuracy and fidelity of the MRI image analysis at 48 h post-transplant ( Figure 5 ). The histology correlated with the MRI localization of Feridex-labeled cells. No significant numbers of spurious iron deposits from dying cells, large numbers of false-positive or false-negative MRI signals were revealed by the histology analysis. Concerns have been raised that in vitro labeling of BM cells could possibly have a detrimental effect on progenitor and stem cell function. However, previous reports have shown that protamine sulfate and iron oxide labeling had no apparent effect on stem cell function. 20, 21 In our study, we also had little evidence of significant alterations in donor cell functionality in vivo. Labeling of cells with Feridex produces a halo or shadow type of effect that limits resolution to an approximately 100 mM diameter sphere of negative contrast. Therefore, it is impossible to distinguish a single cell from a small cell cluster by MRI. However, the histological analysis confirmed that a single Feridex-labeled cell within the marrow is detectable by MRI in vivo. Engrafted donor cells, observed by MRI, were not seen to move following lodging within a BM niche during the observed time frame. Although most cells homing to the BM within 150-200 mM of the tibia window could be observed by FLM, MRI was able to generate an accurate 3D map (Figure 4 and Supplementary Movies) of Feridex-labeled donor cell engraftment throughout the majority of the tibia. Ultra-high-field strength MRI provided the necessary combination of increased sensitivity and enhanced resolution needed to allow two-dimensional and 3D visualization capable of detecting single labeled cells. Using MRI, we could determine that engraftment preferentially occurred in a limited number of niches within a few cell diameters of the boneFthe endosteal niche. We conclude that, ultra-high-field strength MRI (17.6 T) possesses the sensitivity to be capable of high resolution, in vivo cell tracking during the complex events occurring inside the normally inaccessible BM cavity following irradiation and transplantation. Furthermore, to validate the presence of transplanted cells within the marrow space, in vivo FLM or BLI coupled with histology provides a vital confirmation of the MRI findings. The combined approach has the potential to allow fully validated longitudinal analysis of cell fate outcomes in individual animals. Undoubtedly, these techniques will be equally successful for more accessible and/or MR-friendly organs such as the muscle, liver and brain.
The current 48-72 h post-transplant time frame for MRI is primarily dictated by signal loss due to label dilution cause by cell division. A genetic reporter system for MRI would be greatly beneficial for tracking stem cells and progenitor cells longitudinally in vivo over a extended time frame. Such a system, as we recently described for lacZ, 15 could potentially be used to track stem cell function and the involvement of their progeny over extended periods of time. Future experiments will use lacZ as a genetic MRI tag with the combined use of ultra-high magnetic field strength MRI, FLM and histology confirmation, to follow individual stem cell fate decisions in vivo over extended periods of time.
